bursts of the antagonistic jaw muscles during REM sleep mimic a coordinated motor pattern during mastication.
MOTOR ACTIVATIONS OR MOVEMENTS are found to occur in craniofacial muscles during sleep in humans and animals (4, 13, 14, 25, 27, 31, 40, 46, 51) under state-dependent inhibitory processes (4, 6, 18) . The observations of several studies suggest that EMG phenotypes of motor activity may differ between the sleep states (4, 28) . In general, craniofacial muscles may show a mixture of tonic and phasic activities during NREM sleep, while during REM sleep, phasic muscle bursts occur repetitively in craniofacial muscles in mice, rats, guinea pigs, and human infants (1, 4, 12, (25) (26) (27) 40) . Excessive transient motor activities in the craniofacial muscles or jaw movements often occur with characteristic or stereotypic patterns predominantly in favorable sleep state(s) in patients with sleep bruxism (19, 35) , oromandibular myoclonus (29, 39, 58) , sleep apnea syndrome (55) , parasomnias (56) , and REM sleep behavior disorders (13) . A variety of intrinsic motor patterns during sleep represents the nature of transient excitatory inputs to craniofacial muscles under the distinct inhibitory processes during sleep states, and modifications of intrinsic motor patterns may give pathological implications for understanding sleep-related motor activity and clinical manifestation such as muscle pain and fatigue (24, 34) .
EMG burst patterns of the jaw muscles reflect the activity of specific premotor neural substrates in shaping and coordinating EMG bursts of the antagonistic and synergetic muscles during movements (41, 48, 64) . Antagonistic jaw muscles, e.g., jawclosing and -opening muscles, are innervated by different subgroups of trigeminal motoneurons that receive excitatory and inhibitory inputs from common and/or distinct groups of premotoneurons (3, 9) . Thus descriptions of the EMG activity of the antagonistic jaw muscles have provided information for understanding neurophysiological principles contributing to jaw motor controls during oromotor behaviors (5, 11, 17, 33, 54) . Although previous studies have investigated the activity levels and the balance in the craniofacial muscles during sleep states (12, 14, 25-27, 40, 51) , few studies have quantitatively analyzed burst characteristics and temporal associations of the muscle bursts in the antagonistic jaw muscles during sleep.
Therefore, the aim of the study is to clarify the quantitative characteristics of the EMG bursts for the antagonistic jaw muscles, such as the jaw-closing, masseter (MAS), and jawopening, anterior digastric (ADG) muscles, using a simultaneous recording of jaw movements during sleep in freely moving and head-restrained guinea pigs. In addition, temporal associations between the EMG activities of antagonistic jaw muscles are analyzed to investigate the premotor elements contributing to jaw motor activity during sleep compared with those associated with rhythmic chewing. Chewing is most frequently observed during wakefulness in experimental animals (25, 26) and is known to show stable patterns of EMG bursts of the antagonistic jaw muscles (5, 22) . The results showed that the patterns of EMG bursts and jaw movements differed between NREM and REM sleep and that, during REM sleep, the antagonistic jaw muscles were found to exhibit a coordinated activity pattern similar to that observed during natural chewing behavior.
METHODS
Experiments were carried out on 14 adult male albino guinea pigs (Hartley) weighing 600 to 700 g. Animals were housed individually or in pairs, maintained on a 12:12-h light/dark cycle with temperature and moisture at 22°C and 50%, respectively. They were allowed access to a standard guinea pig diet and water. All experimental procedures were reviewed and approved by the Animal Research Ethics Committee of the Matsumoto Dental University and Osaka University Graduate School of Dentistry. Procedures also conformed to the APS guiding principles in the care and use of animals.
Surgical Preparation
Freely moving animals. To prepare chronic experimental animals, surgery was performed under pentobarbital sodium anesthesia (40 mg/kg ip) with the addition of atropine (0.04 mg/kg ip) at a level where neither apparent corneal reflex nor spontaneous eye movements were present. All wound margins were anesthetized using small local injections of lidocaine hydrochloride. Rectal temperature was maintained between 36 and 38°C with a heating pad. An electrocardiogram was continuously monitored. After the surface of the skull was exposed, T-shaped stainless steel screws were implanted into the skull: a pair of screws for electroencephalogram (EEG) over the frontal cortex, another pair in the right orbital bone for electroocculogram (EOG), and one screw in the occipital bone for the ground electrode. These screws were soldered with Teflon-coated multistranded stainless wires. For recording EMG activity, two pairs of wires were sutured onto the dorsal neck muscles and onto the MAS and ADG muscles. For the freely moving recordings, EMG electrodes were set bilaterally in the MAS and ADG in 8 out of 10 animals and unilaterally in the other two animals. The wires for EEG, EOG, and electromyograms were tunneled subcutaneously and soldered to a multiple pin socket in the connectors, which were then fixed to the skull with dental acrylic resin. To monitor jaw movement in the freely moving condition, a custom-made magnetic jaw-tracking system was used (62) . A small cylindrical magnet (diameter 4 mm, thickness 3 mm) was subcutaneously fixed on the mandibular bone surface in the middle of the mental region. Another connector was fixed onto each frontal cranium for the attachment of a detachable assembly equipped with two magnet sensors. In this system, the magnetic force from the magnet on the mandible was detected continuously by the two magnetic sensors mounted on the head, and the horizontal and vertical positions of the magnet on the frontal plane were calculated based on the magnetic forces measured by the two sensors (62) .
At the end of the surgery, all incisions were sutured and antibiotic ointment (Gentamycin sulfate) was applied around the wound. The animals rested in a clean cage under a warm pad until recovery from anesthesia was confirmed. They were then returned to the home cage. The animals were given intraperitoneal injections of an antibiotic (Oxytetracycline 10 mg/kg) and analgesics (flurbiprofen axetil, Ropion, 0.8 mg/kg, Kaken Seiyaku, Tokyo, Japan) for 3 days following surgery.
Head-restrained animals. In four additional animals, electrodes for EEG, EOG, and electromyograms were implanted as described above. EMG electrodes for the jaw muscles were inserted on the left side only in two animals and on both sides in the other two. To create connecting parts between the animal's head and the stereotaxic apparatus, a nut on the frontal skull and a cylindrical aluminum tube on the parietal skull were fixed by dental acrylic resin together with supplemental small metal screws implanted to the skull. The nut was screwed to the metal plate connecting the stereotaxic apparatus, and the aluminum tube was fitted into the special bars. This method allows atraumatic fixation of the animal's head at the same position during subsequent recordings (22) . To record jaw movement, small stainless steel screws were implanted in the mandibular mentum, and the female part of the attachment was mounted on the screws with dental acrylic resin. A light-emitting diode (LED) with a lens was added in the male part of attachment. The attachments allowed us to fix the LED to the mandible while recording (17, 22) . With this set-up, the beam from the phototransistor target fixed to the mandible was detected continuously by an optoelectronic recording apparatus (C2399, Hamamatsu Photonics, Hamamatsu, Japan) installed in front of the stereotaxic frame (17, 22) . After the surgery, these animals were cared for in the same way as the freely moving animals.
Recordings
Freely moving conditions. During the recovery period, the animals were adapted to the acrylic recording chamber on at least 3 separate days under the same conditions as recording protocols. During recording, an animal was placed in the recording chamber in a noiseattenuated, electrically shielded cubicle. A lightweight shielded cable was connected to the multiple pins on its head. Recordings were made for about 2 h during a light period. The animals had free access to pellets and water. A video monitoring display enabled experimenters to observe the animal's behavior without disturbing it.
The electrical signals were amplified and filtered (AB-621G, NIHON-KODEN, Tokyo, Japan) with optimal bandwidths (EEG and EOG: 0.3-100 Hz; electromyograms: 100 -1,000 Hz; 60 Hz hum filters for all). The data were fed into a personal computer through an AD converter (1401plus, Cambridge Electronic Design, Cambridge, UK) and analyzed using Spike2 software (Cambridge Electronic Design, Cambridge, UK). Data on the EEG, EOG, electromyograms, and jaw movements were digitized at 500 Hz, 500 Hz, 2 kHz, and 500 Hz, respectively.
Head-restrained conditions. During the recovery period, the animals were habituated to being mounted on the stereotaxic frame in a noiseattenuated, electrically shielded cubicle. The time spent on the frame was lengthened gradually from half an hour to a few hours. Recording was made at more than 2 wk after surgery. The recordings were made during light period under simultaneous video monitoring for a few hours until a few NREM and REM sleep cycles were recorded. Once the data of NREM and REM sleep cycle had been recorded, the EMG activity and jaw movements during chewing were recorded: chewing was induced by an experimenter inserting a few pellets into animal's mouth (22) .
Data Analysis
Scoring states of vigilance and behaviors. In both freely moving and head-restrained animals, the states of vigilance (e.g., wakefulness, NREM sleep, and REM sleep) were determined on the basis of electroencephalographic, dorsal neck EMG, and electrooculographic activities in accordance with previous studies (8, 25, 26) . In the freely moving animals, sleep periods were counted separately when sleep was interrupted by a transient arousal period Ͼ30 s. The duration of NREM and REM sleep period was also measured. In the freely moving animals, chewing and drinking behaviors during the recording were identified using visual inspections and polygraphic traces. Stable chewing movements occurred after the food was transported to the molars in either freely moving or head-restrained animals (5, 22, 54) . For the subsequent quantitative analyses, we used a stable chewing sequence after the transport phase (22) and stable drinking behavior.
Quantification of the EMG bursts. The EMG data were first rectified and smoothed by a low-pass filter at a cutoff frequency of 50 Hz. The onset and offset of an EMG burst were determined when an EMG value crossed the threshold level three times as high as the mean baseline activity, which was calculated by at least 10 randomly selected artifact-free, quiet 5-s periods. The following EMG variables were analyzed for the unilateral side of the antagonistic jaw muscles: the integrated EMG activity of the bursts was calculated as the area under the smoothed EMG recording from burst onset to offset; the values for the integrated EMG activity were normalized to those of chewing in each animal; burst duration was the time between burst onset and offset; inter-burst interval was defined as the time between two consecutive burst onsets of the muscles. Standard deviations of the above variables were calculated to assess the variability. To assess the temporal associations between the EMG bursts of MAS and ADG muscles and jaw movement, the EMG bursts and jaw movements were trigger averaged by the onset of the left MAS or ADG bursts.
Jaw movement. In the freely moving animals, calibration was not performed on the jaw movements. However, the recording system has enough linearity to estimate relative jaw movements (e.g., vertical and horizontal directions) (62) . In the head-restrained animals, jaw movements were calibrated and the ranges of horizontal and vertical jaw movements on the frontal plane were analyzed for the periods of sleeping and chewing (17, 22) .
Statistical Analysis
For statistical analysis we used a commercial software package (SYSTAT, Systat Software, Chicago, IL). To present the distributions of the variables of the bursts, a separate histogram was constructed for each animal and then calculated as an average histogram with standard error. For the analysis of integrated burst activity, burst duration, interburst interval, and variability of these measures, the median value was pooled for each animal. Integrated burst activity was compared between NREM and REM sleep using a Wilcoxon test. Variables for the bursts (e.g., duration, interval, and variability) were compared among NREM sleep, REM sleep, and chewing using a Friedman test, and post hoc Wilcoxon tests were performed for each muscle. Variables of jaw movement trajectories were compared with a repeatedmeasure AVOVA with behavioral states as dependent variables and with post hoc paired t-tests. For the other pair-wise comparisons, paired t-tests were done. Statistical significance was determined by P Ͻ 0.05.
RESULTS

EMG Bursts and Jaw Movements during Sleep
The EEG, EOG, and electromyograms from dorsal neck, jaw-closing, and -opening muscles were recorded continuously along with the jaw movements in 10 freely moving animals. In 10 freely moving animals, data were obtained from a total of 99 NREM (mean duration Ϯ SD: 215.0 Ϯ 126.1 s) and 65 REM sleep periods (81.1 Ϯ 53.2 s).
An example of polygraphic recordings of EEG, EOG, electromyograms, and jaw movements in vertical and horizontal directions from NREM to REM sleep and wakefulness is shown in Fig. 1 . In NREM sleep, the animals usually assumed a crouching position with their heads down. During NREM sleep, MAS and ADG EMG bursts with various durations and amplitudes occurred irregularly. In the expanded figure (Fig.  1Ba) , a large tonic activation of the left MA was accompanied by a large lateral jaw shift to the left side. This burst was followed by several repetitive EMG bursts associated with small lateral jaw movements. In Fig. 1Bb , a tonic activation of MAS was associated with a lateral jaw shift to the corresponding side. The motor events in the Fig. 1 , Ba and Bb, were associated with a transient EEG shift from slow wave activity to a low-amplitude high frequency. Overall, ADG muscles exhibited very low levels of EMG activities. Jaw movements were characterized by slow lateral shifts with little jaw openings ( Fig. 1 , Ba and Bb).
After transition from NREM to REM sleep, electroencephalographic activity shifted to low amplitude along with a reduction of neck muscle tone and an emergence of REMs (Fig. 1A) . During the period with REMs, both MAS and ADG muscles exhibited short-duration bursts that often occurred in clusters (Fig. 1, A , Bc, and Bd). A series of rapid lateral jaw movements was observed in association with EMG bursts (Fig.  1 , A, Bc, and Bd). The amplitude of bursts for MAS and ADG muscles was usually of lower amplitude, but in some cases, it was comparable to bursts during chewing in the waking state (indicated by the line e in Fig. 1A ). More phasic bursts of MAS and ADG muscles were found to occur during the latter period of REM sleep.
When the duration of REM sleep periods was measured in relation to the presence of muscle bursts, 30 periods (mean Ϯ SD ϭ 115.1 Ϯ 55.1 s) were associated with several clusters of phasic twitches, 24 periods (56.0 Ϯ 28.8 s) with a sparse occurrence of twitches. However, the 10 remaining periods (38.7 Ϯ 19.0 s) were not associated with any phasic bursts. Thus, for further analysis of the EMG bursts, we selected two to four REM sleep periods in which clusters of twitches occurred in each animal. To balance a proportion of NREM and REM sleep periods in the guinea pig (25, 26) , the duration of selected NREM sleep for the analysis was ϳ3 to 4 times longer than that of REM sleep. The mean duration of NREM and REM sleep used for the analysis was 970.8 Ϯ 29.3 s and 327.3 Ϯ 17.8 s, respectively (mean Ϯ SD, n ϭ 10). For both muscles, the number of bursts per 10 s of REM sleep was significantly lower for the first half (MAS: mean Ϯ SD ϭ 5.39 Ϯ 0.94 bursts; ADG: 6.34 Ϯ 1.78 bursts) than for the second half of REM sleep (MAS: 6.96 Ϯ 1.21 bursts; ADG: 9.08 Ϯ 2.09 bursts; P ϭ 0.028 for MAS; P ϭ 0.002 for ADG, paired t-tests).
When waking up from REM sleep, the animal regained posture in association with a recovery of tonic activity in the neck muscle (indicated by the asterisk in the Fig. 1A) . Then, the animal started to chew food pellets. During chewing (line e in the Fig. 1 and Fig. 1 , Be1 and Be2), jaw movements were characterized by repetitive open-close jaw movements in relation to large bilateral jaw shifts with asymmetric bursts of both sides of MAS and by the occasional occurrence of a unilateral jaw shift (5, 22) . During bilateral chewing, each lateral jaw shift from one side to the other was associated with a single jaw open-close cycle (Fig. 1Be2) . The MAS on the ipsilateral side to the lateral jaw shift was active during the jaw-closing phase, whereas that on the contralateral side was not. During the jaw-opening phase, ADG on the contralateral of the lateral jaw shift was more active than that on the ipsilateral side. During unilateral chewing (underline, Fig. 1Be2 ), MAS were active on the ipsilateral side of the lateral jaw shift.
Quantitative Characteristics of EMG Burst during Sleep
Integrated burst activity. Figure 2 illustrates the positively skewed distributions of the normalized burst activity for MAS and ADG muscles during NREM and REM sleep compared with those during chewing (Fig. 2, A, B , E, and F). The mean numbers of MAS bursts used for the analysis among 10 animals were 170.2 Ϯ 95.3 (mean Ϯ SD) during NREM sleep ( Fig. 2A) , 192.3 Ϯ 95.3 during REM sleep (Fig. 2B) , and 86.6 Ϯ 13.0 during chewing (Fig. 2C) ; those of ADG bursts were 114.3 Ϯ 58.8 during NREM sleep (Fig. 2E ), 201.4 Ϯ 109.8 during REM sleep (Fig. 2F) , and 201.7 Ϯ 31.5 during chewing (Fig. 2G ). The majority of bursts during sleep (NREM sleep: 73.9% for MAS and 83.3% for ADG; REM sleep: 91.9% for MAS and 98.2% for ADG) exhibited low activity below a mean integrated burst activity during chewing (i.e., 100%; Fig. 2, C and G). During chewing, the integrated burst activity of MAS exhibited normal distribution, whereas the distribution was more likely bimodal for the ADG muscle as has been reported in previous studies (5, 22, 54 13.6% (5.7 Ϫ 63.7)], whereas, similarly to the MAS muscle, the integrated burst activity of the ADG muscle was more variable during NREM sleep than during REM sleep (P ϭ 0.005, Wilcoxon test, n ϭ 10).
Duration of antagonistic jaw muscle bursts. The distribution of burst duration was positively skewed during NREM sleep for both muscles, whereas, during REM sleep, it was distributed as normally as that observed during chewing (Fig. 3) . The number of bursts used for the histograms (Fig. 3, A, B, C, E, F, and G) was the same as those in the Fig. 2 (A, B, C, E, F, and G) , respectively. Interburst intervals of antagonistic jaw muscle bursts. The distributions of interburst intervals are shown in Fig. 4 . Interinterval bursts were largely variable during NREM sleep for both muscles (Fig. 4, A and E) . The mean numbers of MAS bursts used for the analysis of the 10 animals were 166.4 Ϯ 95.43 (mean Ϯ SD) during NREM sleep (Fig. 4A) (Fig. 4B) , and 85.6 Ϯ 13.0 during chewing (Fig. 4C) . Mean numbers of ADG bursts were 110.5 Ϯ 58.6 during NREM sleep (Fig. 4E) , 198.4 Ϯ 109.6 during REM sleep (Fig. 4F) , and 200.7 Ϯ 31.5 during chewing (Fig. 4G) . During REM sleep, most bursts occurred in a cluster within 1-s intervals, but the distribution did not show a clear single peak (Fig. 4, B and F) . The peak of unimodal distribution for interburst intervals during chewing was located at a two times higher value for the MAS muscle (ϳ0.35 s) than the ADG muscle (ϳ0.15 s; Fig. 4 , C and G), due to the occurrence of two jaw opening movements for one cycle of bilateral jaw shifts during chewing (Fig. 1, Be2) .
Interburst intervals did not significantly differ among three states for MAS muscle (P ϭ 0.273), whereas they differed for ADG muscle (P Ͻ 0.001, Friedman test; Fig. 4, D and H) . In a post hoc analysis, the interburst interval of the MAS muscle did not differ between NREM sleep [median (minimum Ϫ (Fig. 4D) . The interburst interval during REM sleep was likely to be longer than the interburst interval during chewing [0.37 s (0.32 Ϫ 0.41)] (P ϭ 0.093, Wilcoxon test; Fig. 4D) . However, the variability of interburst intervals of the MAS significantly differed among three states (P Ͻ
For the ADG muscle, the interburst interval was significantly longer during NREM sleep (Fig. 5, A1 and A2) . As was shown in the results of the variability of the interburst intervals, such fluctuations were not clearly seen during chewing (Fig. 5B) . In a few animals, a peak within the distribution of the interburst intervals of MAS muscle during REM sleep (Fig. 5C ) was located at around half the value of a peak during stable chewing (Fig. 5D ). This shift is associated with the occurrence of unilateral jaw movement within an open-close jaw movement during chewing as well as during REM sleep (indicated by asterisks in Fig. 5, B and A2 ). This shift of the interburst intervals of MAS muscle did not alter the distribution of interburst intervals for ADG muscle during REM sleep (Fig. 5F ).
Temporal Association between MAS and ADG Muscle Bursts
We used trigger-averaged analysis to assess the temporal association of MAS and ADG muscles in REM twitches. When jaw muscle EMG and jaw movements were trigger-averaged by the onset of ADG bursts during chewing, both sides of the ADG muscle were found to be activated during a jaw-opening phase, whereas MA bursts were found to occur in a jaw-closing phase (Fig. 6A) . Similarly, during REM sleep, both ADG and MAS muscles were found to be activated alternately during the opposite phases of vertical jaw movements (Fig. 6A) . When EMG bursts and jaw movements during chewing in Fig. 6A were trigger-averaged by the onsets of MAS burst on the left side, an alternating pattern of activation was found between ADG and MAS muscles (Fig. 6B) . In addition, MAS muscles of the opposite sides were activated alternately, reflecting bilateral alternating horizontal jaw movements (Fig. 6B) . During REM sleep, similar alternating patterns for bilateral MAS and ADG muscles were found during REM sleep (Fig. 6B) . When the same analyses were done during NREM sleep, no phase-locked EMG bursts were found (data not shown).
Although an alternating activation of bilateral MAS muscles is a common characteristic of the phasic bursts during chewing and REM sleep, there are some variations in the appearance of the bursts in the bilateral antagonistic jaw muscles within the fundamental repetitive patterns of the clusters. As indicated by the asterisks in Fig. 6B , there was a component of coactivation in the bilateral MAS muscles during chewing and REM sleep. As described in Fig. 1 , during chewing, MAS on the ipsilateral side to the lateral jaw shift was more dominant than that on the contralateral side. However, bilateral MAS muscles were occasionally coactivated with asymmetric burst amplitude: MAS bursts with a low amplitude appeared occasionally on the contralateral side, and these bursts were simultaneously activated with the bursts on the ipsilateral side during the jaw-closing phase (Fig. 7A, arrows) . Similarly, during REM sleep, the same pattern of bilateral MAS activation occasionally occurred during lateral jaw shifts as seen in Fig. 7B (arrows) . In other clusters, the symmetric coactivation of bilateral MAS muscles without lateral jaw shifts intervened within a cluster of phasic MAS bursts (Fig.  7B, line a) . On rare occasions, repetitive activations of ADG muscles appeared with little activation in the MAS muscles (Fig. 7C) . Because antagonistic jaw muscles on both sides exhibited rhythmic activity during drinking behavior, integrated burst activity, burst duration, and interburst intervals of the MAS and ADG muscles were additionally analyzed (Fig. 8, A and B) . Drinking behavior consisted of series of the following two alternating phases: during a phase of sucking from the faucet on the water bottle, several repetitive coactivations of bilateral MAS and ADG muscles were associated with vertical jaw movements and little lateral movement (Fig. 8, A and B) . These patterns of the jaw movements were different from patterns during stable chewing (Fig. 8C ). After the animal had disengaged its mouth from the faucet, it occasionally exhibited chewing-like jaw movements with lateral movement and returned to the faucet. The bursts of MAS (mean Ϯ SD ϭ 74.8 Ϯ 28. 
Jaw Movement Trajectories
Jaw movements were recorded on the stereotaxic frame where jaw movements were not disturbed by the head and body posture. An example of jaw movements during a sleep-wake cycle is shown in Fig. 9A . The overall characteristics of the jaw movements recorded on the stereotaxic frame were similar to those recorded in the freely moving condition (Fig. 1A) : slow movements in NREM sleep and rapid movements in REM sleep. As shown in Fig. 9B , during sleep and chewing, jaw movements were bilaterally symmetric. The jaw gape during NREM (3.1 Ϯ 0.4 mm) and REM sleep (2.5 Ϯ 0.3 mm) was significantly smaller than that during chewing (4.8 Ϯ 0.2 mm; P Ͻ 0.05, paired t-test; Fig. 10A ). The range of horizontal jaw movements did not differ between REM sleep (6.1 Ϯ 0.9 mm) and NREM sleep (7.9 Ϯ 1.0 mm; Fig. 10B ). These values were significantly lower than during chewing (10.6 Ϯ 1.4 mm; P Ͻ 0.05).
DISCUSSION
In this study, recordings of EMG activities of the antagonistic jaw muscles and jaw movements revealed that the jaw motor system is exposed to various types of excitatory drives during sleep. The quantitative analysis of EMG bursts showed that state-dependent profiles of EMG bursts for the jaw muscles and jaw movements differed between NREM and REM A B sleep; EMG bursts during NREM sleep is characterized by an irregular occurrence of inhomogeneous EMG bursts, whereas, during REM sleep, repetitive phasic bursts occurred regularly. Moreover, phasic bursts of antagonistic jaw muscles during REM sleep exhibited a temporal association similar to those observed during chewing. These characteristics of antagonistic jaw muscle bursts during sleep reflected the distinct patterns of jaw movement trajectories in the head-restrained animals. These results suggest that distinct principles of neural regulation operate in the jaw motor system during NREM and REM sleep.
Burst Characteristics during NREM Sleep
During NREM sleep, MAS muscle bursts were inhomogeneous, as has been previous reported (27) , indicated by a large variability in burst activity, duration, and interburst intervals. Similarly, ADG muscle bursts were inhomogeneous during sleep. However, bursts of the two muscles did not have clear temporal associations. Burst activity patterns with irregular characteristics in the antagonistic muscles resulted in irregular jaw movements and contributed to the heterogeneous modulation in the activity level and the activity balance of the two muscles, as previously reported (26) . In addition, irregular patterns of muscle bursts for both muscles suggest that excitatory inputs to motoneurons generating bursts during NREM sleep are not organized by specific groups or activity patterns of premotor systems. Facilitatory influences on motoneurons (e.g., glutamatergic, catecholaminergic, monoaminergic, and orexinergic) are known to decrease during NREM sleep but fluctuate in relation to the occurrence of an arousal and its intensity (2, 4, 10, 21, 26, 36, 50, 52 ). In addition, MAS and ADG motoneurons receive synaptic inputs from common and/or distinct premotoneurons through multiple pathways (9, 44, 65) . Thus a large variety of muscle burst patterns during NREM sleep reflects quantitative, spatial, and temporal variations of premotor inputs to trigeminal motoneurons under the fluctuation of motoneuron excitability in association with NREM sleep process.
Burst Characteristics during REM Sleep
During REM sleep, the profile of bursts for both MAS and ADG muscles differed from those during NREM sleep. As previous studies have reported in the orofacial muscles (1, 4, 7, 12, 27, 40, 45) , REM sleep was characterized by the repetitive occurrence of short-duration, phasic bursts in both MAS and ADG muscles in the guinea pig. Phasic bursts of the antagonistic muscles occurred in clusters, although repetitive bursts were occasionally interrupted. Thus the interburst interval of the majority of bursts was confined to a lower range and was less variable during REM sleep than during NREM sleep. In addition, burst durations of both antagonistic jaw muscles showed a unimodal distribution within a narrow range with a clear peak. Although the integrated EMG activity of bursts for both muscles did not differ between NREM and REM sleep, it was five to seven times less variable during REM sleep than during NREM sleep. Because both muscles showed similar state-dependent characteristics of phasic bursts, motoneurons of two muscles share common premotor components during the respective sleep states. However, the results suggest that the net premotor inputs determining the phasic bursts of the antagonistic jaw muscles are more homogeneous during REM sleep compared with those during NREM sleep. 
Temporal Association between the Antagonistic Jaw Muscle Bursts during REM Sleep
Burst duration and interburst interval for both muscles during REM sleep were distributed within a similar range to those during chewing. Trigger-averaged analysis revealed that the repetitive occurrence of the phasic bursts in the antagonistic jaw muscles during REM sleep was characterized by a phaselocked alternating pattern in relation to jaw-open and -closing movements (Fig. 6 ). This kind of alternating activation between the antagonistic jaw muscles is observed during various types of rhythmic jaw movements in naturally behaving animals (5, 47, 54, 63) as well as during experimentally induced rhythmic jaw movements in anesthetized animals (16, 17, 38, 42) . The jaw motor pattern during REM sleep was characterized predominantly by alternating activations of bilateral MAS muscles in association with bilateral jaw movements (Fig. 9B) . This motor pattern was very similar to that typically seen in the rhythmic jaw movements during natural chewing (Fig. 9) (5,  22) , but was not characteristic during drinking in the guinea pig (Fig. 8, A-C) (15) . Although the pattern of coordination between the antagonistic jaw muscles and the jaw movement trajectories differed between chewing and drinking, the two behaviors exhibited a similar rhythmic component. These results may support the proposal that rhythmic activation in the craniofacial muscles during REM sleep represents the activation of a developmentally older rhythm generator shared by various rhythmic oromotor behaviors (32) . Nonetheless, a similarity in the temporal patterns of phasic bursts and in the jaw movement trajectories between REM sleep and chewing suggests that phasic bursts in the antagonistic jaw muscles are generated under the influence of, at least in part, neural populations responsible for the masticatory rhythm and pattern generations during chewing.
A recent study showed that the premotoneurons for generating phasic bursts during REM sleep in the masseter muscles are located in the lateral pontine reticular formation close to the trigeminal motor nucleus, such as the rostral part of the parvocellular reticular formation (or juxtatrigeminal nucleus) and principal and oral parts of the trigeminal sensory nucleus (1): these areas contain premotoneurons not only of the antagonistic jaw muscles but also of the tongue muscles (9, 37, 64, 65) . These premotoneurons are interconnected and activated rhythmically during the distinct phase of rhythmic jaw movements (20, 57, 59) ; the genesis of phasic bursts of trigeminal motoneurons during both REM sleep and chewing was mediated by non-NMDA receptors (1, 4, 23) . The above-mentioned studies indirectly suggest the possibility that the REM twitches and chewing share some neural components. Nonetheless, the patterns of the activation in the antagonistic jaw muscles were not always secured by a single, fixed uniform pattern within clusters of bursts (Figs. 5 and 7) . Thus the generation of the pattern of phasic bursts during sleep may not be as stable as that during waking ingestive behavior. There might be spatiotemporal fluctuations in the combination of activated premotoneurons for determining the patterns of phasic bursts during REM sleep (41, 59, 60) . In addition, burst activity in the antagonistic jaw muscles was significantly lower, and the ranges of horizontal and vertical jaw movements were smaller during REM sleep compared with those variables during chewing. Nonetheless, burst activity for the MAS muscle remained at a higher level than that in the ADG muscle during REM sleep in proportion to burst activity during chewing. This again suggests that the neural network for chewing pattern generation is triggered during REM sleep, but the activity may not be enough to allow motoneurons to form identical motor patterns to chewing during wakefulness. Unlike the MAS bursts during chewing, those during REM sleep were less influenced by facilitatory inputs from peripheral sensory receptors (i.e., food to be crushed) that increased burst activity, duration, and interval (17, 33) . These findings can be supported by the results of this study in which we observed that the burst duration of the MAS muscle only was shorter during REM sleep compared with the burst duration while chewing. It needs to be investigated whether the difference between chewing and REM sleep may reflect the intensity of postsynaptic inhibitory and excitatory actions of promoter neurons or peripheral sensory influence or both. However, our results clearly showed that subpopulations of trigeminal motoneurons receive rhythmically recurring postsynaptic activation and/or inhibition that enables organized rhythmic jaw motor patterns to form during REM sleep despite the REM-specific inhibitory and/or disfacilitatory motor processes (4, 6, 7, 18, 49) .
Pathways of Excitatory Drives to Trigeminal Premotor System
Like the results for the jaw muscles in the study, a burst pattern with a rhythmic component and dominant occurrence in the latter half of REM sleep was found in the tongue muscles during REM sleep (12, 40, 45, 51) . A common observation in these studies was that phasic bursts were considerably less frequent in the dorsal neck muscles than in the jaw or tongue muscles (1, 12, 25, 26, 40) . Given the knowledge that craniofacial muscles share anatomical and functional aspects (37, 38, 47) , the phasic bursts during REM sleep in the craniofacial muscles are mediated by the common premotor system. In addition, the pathways of excitatory drives for phasic twitches in craniofacial muscles are distinct from those in spinal motor systems and from the pathways mediating REM atonia (1, 43) . Trigeminal premotoneurons receive afferent projections from the neurons in the medial pontomedullary reticular formation (e.g., caudal pontine nucleus) and even in the higher centers such as cerebral cortex and subcortical structures (e.g., amygdala) (34, 41, 44, 60, 65) . The neurons of these structures and areas are known to be active during rhythmic jaw movements as well as during REM sleep (43, 48, 53, 61) . The anatomical and functional links between the system regulating REM sleep and masticatory movements will be investigated in a future study.
Study Limitations
Certain study limitations may bias the results of this study. First, in NREM sleep, EMG bursts occurring in association with transient arousals were included in the analysis. It might be suggested that EMG bursts during transient arousals should be removed from the analysis. However, the accumulating evidence suggests that motor activity and its disorders during NREM sleep are strongly associated with transient arousal fluctuations (e.g., microarousals) and NREM sleep processes (28). Thus we analyzed continuous NREM sleep periods that were not interrupted by awakening Ͼ30 s. Moreover, REM sleep periods without the motor activity were not included in the analysis. The duration of such REM sleep episodes was distributed in ranges lower than that of episodes analyzed (i.e., with clusters of phasic bursts). Therefore, there is a possibility that REM sleep episodes need to be long enough for phasic bursts to fully develop (12) . Finally, jaw movement trajectories cannot be identical between freely moving and head-restrained animals. However, recordings of jaw movements in headrestrained animals are useful for quantifying jaw movements in the absence of any influence caused by change in body posture seen in freely moving animals.
Clinical Significance
There is a variety of muscle bursts in the antagonistic jaw muscles in relation to jaw movements during sleep, suggesting that motoneurons receive distinct patterns of excitatory inputs in association with state-specific motor regulations. Thus jaw muscles and orofacial structures can be exposed to a variety of mechanical loads depending on the characteristic EMG phenotypes in patients with increased jaw muscle activity during sleep. The large variety of EMG bursts during NREM sleep is related to the clinical findings that patients with sleep-related oromotor movement disorders exhibit increased phasic and tonic EMG bursts in NREM sleep (24, 34, 35, 55) . Our finding obtained from healthy animals that phasic twitches of jaw muscles exhibited organized patterns during REM sleep is relevant for understanding the neural processes that occur during REM sleep under physiologic and pathologic conditions. In humans, phasic EMG bursts during REM sleep are frequently found in infants, whereas these bursts are usually suppressed in adults (30) . However, they re-emerge in patients with a loss of REM inhibitory system, e.g., in REM sleep behavior disorders (13) . Moreover, our results may suggest that stereotypic movements mimicking those in waking states can be generated by the activation of premotor networks organizing daytime movement under a given sleep regulatory process in patients with sleep-related movements (28, 34, 56) .
Conclusion
The distinct patterns of jaw muscle bursts and movements reflect state-specific regulations of jaw motor system during sleep states. The occurrence of chewing-like phasic activations in the antagonistic jaw muscles during REM sleep indicates that trigeminal motoneurons are able to generate well-organized phasic bursts despite inhibitory influences.
